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The Antimicrobial Mechanism of Action of Epsilon-Poly-1-Lysine
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Epsilon-poly-L-lysine (e-PL) is a natural antimicrobial cationic peptide which is generally regarded as safe (GRAS) as a food pre-
servative. Although its antimicrobial activity is well documented, its mechanism of action is only vaguely described. The aim of
this study was to clarify €-PL’s mechanism of action using Escherichia coli and Listeria innocua as model organisms. We exam-
ined €-PL’s effect on cell morphology and membrane integrity and used an array of E. coli deletion mutants to study how specific
outer membrane components affected the action of e-PL. We furthermore studied its interaction with lipid bilayers using mem-
brane models. In vitro cell studies indicated that divalent cations and the heptose I and II phosphate groups in the lipopolysac-
charide layer of E. coli are critical for £-PL’s binding efficiency. €-PL removed the lipopolysaccharide layer and affected cell mor-
phology of E. coli, while L. innocua underwent minor morphological changes. Propidium iodide staining showed that €-PL
permeabilized the cytoplasmic membrane in both species, indicating the membrane as the site of attack. We compared the inter-
action with neutral or negatively charged membrane systems and showed that the interaction with £-PL relied on negative
charges on the membrane. Suspended membrane vesicles were disrupted by £-PL, and a detergent-like disruption of E. coli
membrane was confirmed by atomic force microscopy imaging of supported lipid bilayers. We hypothesize that £-PL destabi-
lizes membranes in a carpet-like mechanism by interacting with negatively charged phospholipid head groups, which displace
divalent cations and enforce a negative curvature folding on membranes that leads to formation of vesicles/micelles.

ood poisoning microorganisms cause annually more than one

billion gastrointestinal tract inflammations and an estimated 5
to 13 million deaths (1, 2). The safety of traditional preservatives
has been questioned in the last few years, so to meet the consumers
demand and at the same time ensure food safety, the food industry
is turning to natural antimicrobials as preservatives. e-Poly-L-
lysine (e-PL) is a promising natural antimicrobial that has a broad
spectrum of activity against food spoilage and food-poisoning
bacteria in vitro (3-5) and in complex food matrices (6, 7).

Biosynthesized €-PL is a hydrophilic cationic linear homo-
poly-amino acid typically composed of 25 to 35 identical L-lysine
residues with an isoelectric point around 9.0 and is described as
having a peptide bond between carboxyl groups and €-amino
groups of L-lysine residues rather than the conventional peptide
bonds linking a-poly-L-lysine (a-PL) (8). €-PL is produced by a
membrane-bound e-PL synthetase that has the characteristics of
nonribosomal peptide synthetases, which does not bind the elon-
gating €-PL chain covalently during polymerization (9). The vari-
able chain lengths of €-PL is thus stemming from the continues
polymerization of €-PL, which at any time point can diffuse into
solution having a random number of residues (9).

It is recognized that e-PL’s antimicrobial activity is closely re-
lated to the number of repetitive L-lysine residues, and it has been
shown that >10 residues are required for €-PL to exert proper
antibacterial activity (3, 10). Interestingly, the €-PL is a more po-
tent antimicrobial compound than a-PL (3), but the reason for
this difference is unknown.

The antimicrobial activity of e-PL was recognized more than
30 years ago, and in Japan it has been approved as a food preser-
vative since the late 1980s (11, 12). Since €-PL’s discovery in the
1970s, it has been approved by the U.S. Food and Drug Adminis-
tration in 2004 for use in boiled rice in the United States and, as
described in the generally regarded as safe (GRAS) notifications
135 and 336, €-PL can currently be applied to an assortment of
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food products such as soft drinks, cheese, egg-based dishes, salad
dressings, fish, sauces, potato-based foods, etc. €-PL was first bio-
synthesized and isolated from culture filtrates of Streptomyces al-
bulus (12) and is now industrially produced by aerobic fermenta-
tion using a S-(2-aminoethyl)-L-cysteine mutant derived from S.
albulus 11011A (8). The addition of large amounts of €-PL to food
products results in a bitter taste but remains safe for humans to
consume since €-PL is biodegradable without any cytotoxicity (8,
13). Furthermore, €-PL has been suggested to have an anti-obesity
action because it can suppress dietary fat absorption from the
small intestine by inhibiting pancreatic lipase activity even after
incubation with digestive enzymes such as trypsin, a-chymotryp-
sin, and pepsin (14).

More detailed knowledge about the mode of antimicrobial ac-
tion can be used to increase the efficacy of an antimicrobial and
help prevent the development of bacterial resistance (15). The
mechanism of action of e-PL has not been fully investigated, but it
has been proposed that adsorption of €-PL to the cell surface plays
an important role (3). It has been suggested that the cationic poly-
peptide interacts with the negatively charged cell surface by ionic
adsorption and that €-PL subsequently interferes with cell mem-
branes in a reaction that has been proposed to include stripping of
the lipopolysaccharide (LPS) layer that leads to a permeabilization

Received 9 July 2014 Accepted 30 September 2014

Published ahead of print 10 October 2014

Editor: J. Bjorkroth

Address correspondence to Rikke L. Meyer, rikke. meyer@inano.au.dk.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02204-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.02204-14

December 2014 Volume 80 Number 24


http://orcid.org/0000-0002-6485-5134
http://dx.doi.org/10.1128/AEM.02204-14
http://dx.doi.org/10.1128/AEM.02204-14
http://dx.doi.org/10.1128/AEM.02204-14
http://aem.asm.org

of the outer membrane (3, 16). This could be the case as the cat-
ionic €-PL probably would interact with the outer membrane of
Gram-negative bacteria which contains hydrophobic and nega-
tively charged LPS that create an effective barrier toward macro-
molecules and lipophilic compounds (17, 18). However, conclu-
sive evidence for the proposed hypotheses together with the
molecular mechanism of action of e-PL on the cytoplasmic mem-
brane is still lacking.

The antimicrobial mechanism of action for cationic peptides
has generally been described by three models known as barrel-
stave, toroidal, and carpet mechanism. The barrel-stave mecha-
nism requires direct contact with the hydrophobic core of bilay-
ers, whereas the other two mechanisms only involve interaction
with the membrane surface or headgroup region (19, 20). In the
toroidal pore mechanism, the hydrophobic residues displace
phospholipid headgroups and enforce positive membrane curva-
ture where the pore lumen is formed by both peptide and phos-
pholipid head groups (19, 20). In the carpet mechanism, mem-
branes are permeabilized in a nonspecific detergent-like manner;
this only requires interaction of the peptides with the headgroup
region of phospholipids where they interact with negatively
charged lipids (19, 21). Although these three mechanisms are gen-
erally accepted, they are too rigid to explain all interactions taking
place in a complex membrane, and therefore other models need to
be considered (20). Some of these models are the disordered to-
roidal pore model (22), the electroporation model, the sinking raft
model (23), and the grip-and-dip model (24). It should also be
noted that the mechanism by which peptides interact with mem-
branes is not only determined by the peptide or membrane com-
position of headgroups but also the type of acyl-chains present in
the membrane (25).

In the present study, we aimed to increase our understanding
of €-PL’s mechanism of action at the molecular level using Esche-
richia coli and Listeria innocua as model organisms, and different
lipid extract compositions to mimic €-PL’s interaction with the
cytoplasmic cell membrane. We used the nonpathogenic Gram-
negative E. coli K-12 as a model organism for pathogenic E. coli
strains, which are a common problem in the food industry and
causes many hospitalizations of consumers each year (26). The
Gram-positive L. innocua is food-associated and closely related to
the pathogenic Listeria monocytogenes (27).

MATERIALS AND METHODS

Chemicals. Standard chemicals were purchased from Sigma-Aldrich.
€-PL powder consisted of 50% €-PL and 50% dextrin (Chisso Corp., Chi-
yoda-ku, Tokyo, Japan), and all concentrations are reported at the actual
€-PL content. Fluorescent stains—propidium iodide (PI; L7012 and
L13152), Alexa Fluor 633 hydrazide (A30634), DiO (D275), and dextran
labeled with Alexa Fluor 488 (D22910)—were acquired from Molecular
Probes (Eugene, OR). Fluorescein (FITC)-labeled e-PL was acquired
from Guilin Peptide Technology, Ltd. (Guilin, China), and labeled with
0.005 mol of 5-FITC per mol of lysine monomer. 1,2-Dioleoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (DOPG; 840475P), 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC; 850375P), and E. coli polar lipid extract
(100600C) were acquired from Avanti Polar Lipids, Inc. (Alabaster, AL).

Preparation of cultures. E. coli K-12 (LZB035; Blades Biological, Ltd.,
Cowden, Edenbridge, Kent, United Kingdom) and L. innocua (DSM
20649) were grown in either tryptic soy broth (TSB; pH 6.0) or TSB plus
1.5% tryptic soy agar (TSA). The parental strain, E. coli BW25113, and all
isogenic deletion mutants were obtained from the Keio collection (28) of
The Coli Genetic Stock Centre (Yale University), while E. coli JM109 was

December 2014 Volume 80 Number 24

Antimicrobial Mechanism of Action of &-PL

acquired from DSMZ (DSM 3423) (Table 1). Cells were cultured over-
night at 25°C in TSB until exponential growth phase, which were assessed
by having an optical density at 620 nm (ODy,,) between 0.05 and 0.25.
Cells were harvested by centrifugation (5,000 X g, 10 min), and pellets
were resuspended to cell densities of 107 or 10° CFU/ml in sterile 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 6), TSB, or Ringer’s
solution (Merck, Darmstadt, Germany). The bacterial culture density and
resuspension liquid is defined for each experiment.

Measurement of cell surface charge. The cell surface charge of the
wild-type and mutant strains was determined because variations between
strains could affect their ability to interact with €-PL. Triplicate bacterial
cultures (107 CFU/ml) were prepared in sterile filtered (0.2-um pore size)
MES buffer or TSB. e-PL stocks, bacterial suspensions, and MES buffer or
TSB were mixed to final concentrations of 0 or 37 mg/liter e-PL and a cell
density of 5 X 10°> CFU/ml. Samples were incubated 4 h at 25°C, harvested
by centrifugation (5,000 X g, 10 min), and washed three times before
resuspension in the appropriate solution. The zeta potentials were mea-
sured in a folded capillary cell (DTS 1070; Malvern Instruments,
Worchestershire, United Kingdom) at 25°C using a Zetasizer Nano ZS
(Malvern Instruments) equipped with a 633 He-Ne laser and controlled
using Zetasizer software (v7.02). Cells were allowed to equilibrate for 120
s at 25°C before the zeta potential was measure three times for each rep-
licate sample. The Smoluchowski equation was used to calculate the zeta
potential from nine electrophoretic mobility measurements.

Evaluation of antimicrobial activity. (i) Inhibition of growth. The
MICs of €-PL against E. coli K-12 and L. innocua were determined by
monitoring cell growth in 96-well flat-bottom microtiter plates (catalog
no. 260887; Nunc plates; Thermo Scientific). Three replicate cultures of
107 CFU/mlin MES buffer were prepared for inoculation of the microtiter
plate. Wells were filled with 100 pl of TSB, and €-PL (dissolved in TSB)
was then added from stock solutions in a 1.5-serial dilution. Finally, TSB
and bacterial culture were added in order to obtain a final cell concentra-
tion of 5 X 10°> CFU/ml and an €-PL concentration ranging from 0 to 500
mg/liter for E. coli K-12 or 0 to 750 mg/liter for L. innocua. For E. coli
wild-type strains and isogenic mutants, the final e-PL concentrations
ranged from 0 to 250 mg/liter in 12.5-mg/liter steps. Cell-free or e-PL-free
controls were incubated with the same volumes of TSB. Plates were incu-
bated at 25°C, and the ODy,, was monitored every 20 min for 24 h using
a plate reader (Sunrise; Tecan, Médnnedorf, Switzerland). Because €-PL
contributed to the optical density, the ODy,,, signal from cell-free controls
containing equal amounts of €-PL were used as a reference when measur-
ing the ODy,, to monitor bacterial growth. We defined the MIC as the
smallest €-PL concentration resulting in an average increase of ODq,,
corresponding to <20% of the increase observed in €-PL-free “growth
controls.”

(ii) Influence of divalent cations on the antimicrobial activity. We
tested the influence of divalent cations on the antimicrobial activity of
€-PL against E. coli K-12 and L. innocua. Cells incubated with €-PL in TSB
(at the MIC) and with the addition of 0, 2.5, 5, 10, and 20 mM Mg2+ or
Ca”* ions. The ODy,, was determined every 20 min for 24 h at 25°C.

Bactericidal effect. Absorbance measurements only identify inhibi-
tion of cell growth and do not provide information on cell viability
changes. €-PL’s effect on cell viability over time while suspended in TSB
was determined using the method of Miles et al. (29) and CFU counts.
Triplicate bacterial suspensions with 107 CFU/ml were prepared in Ring-
er’s solution. Bacterial suspensions were mixed with €-PL dissolved in TSB
to a final cell density of 5 X 10> CFU/ml and a final e-PL concentration of
0, 1/2X MIC, MIC, or 2X MIC. The CFU was determined after 0, 2, 4, 8,
12, 16, 20, and 24 h of incubation at 25°C: 100 .l cell the suspension was
serial diluted to 10~ in Ringer’s solution, and 20 pl from each serial
dilution step was transferred to two TSA plates, followed by incubation at
25°C for 24 h before the CFU were counted.

Evaluation of antimicrobial mechanism of action. (i) Effect on cell
structure. AFM was used to evaluate the effect of €-PL on cell morphol-
ogy. Cells were immobilized to coverslips using Cell-TAK cell and tissue
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adhesive (Becton Dickinson Biosciences, Temse, Belgium) as previously
described (30). Cultures and e-PL stock solutions were prepared in MES
buffer, and mixed to yield a final concentration of 5 X 10° CFU/ml plus 0,
1/2X MIC, MIC, or 2X MIC e-PL. The samples were incubated 240 min
at 25°C before the cells were harvested by centrifugation (5,000 X g, 10
min), washed three times, and resuspended in MES buffer. The suspen-
sion was added to the Cell-TAK-coated coverslip, incubated 15 min at
room temperature, and rinsed with MES buffer. The coverslip with im-
mobilized cells was briefly air dried and mounted in a JPK Biocell (JPK
Instruments, Berlin, Germany).

Intermittent contact mode AFM images were recorded in air with a
JPK NanoWizard Il AFM (JPK Instruments, Berlin, Germany) using sili-
con cantilevers (f = 300 kHz, k = 42 N/m; OMCL-AC160TS; Olympus,
Mannheim, Germany). Prior to imaging, the cantilever tip was cleaned by
UV-ozone treatment for 40 min. AFM images were recorded at 512 pixels
per line at a scan rate of 0.5 Hz and an area of 4 by 4 pm for E. coli and 3 by
3 wm for L. innocua cells. Images of at least three different cells were
recorded from each sample, and all samples were prepared in triplicate.
AFM images were processed in JPK Data Processing software (v4.2.50) by
subtraction of a first-order polynomial fit from each scan line, except from
areas containing important structures. Isolated scan lines with noise were
removed from images, and omitted lines were reconstructed using aver-
age values of adjacent lines.

The effects of €-PL on the cell structure and on the outer and inner
membranes of E. coli and L. innocua cells were investigated by transmis-
sion electron microscopy (TEM). Samples were prepared by mixing the
bacterial suspension, €-PL, and MES-bulffer to a final concentration of 5 X
10° CFU/ml plus 0, 1/2X MIC, MIC, or 2X MIC of e-PL. Samples were
incubated for 4 h at 25°C, and the cells were harvested by centrifugation
(5,000 X g, 10 min), washed once in MES buffer, and washed three times
in fixation buffer (2% glutaraldehyde in 0.1 M cacodylate buffer [pH 6.0])
before resuspension in fixation buffer and incubation for 3 days at 4°C.
The cells were then washed three times in 0.1 M cacodylate buffer at pH
6.8 and 7.2 and postfixed in 1% osmium tetroxide in 0.1 M cacodylate
buffer at pH 7.2 for an hour. The cells were washed twice with 0.1 M
cacodylate buffer at pH 7.2 and twice with 0.05 M maleate buffer at pH 5.2.
The samples were postfixed with 0.5% uranyl acetate in 0.05 M maleate
buffer for an hour and then washed twice with 0.05 M maleate buffer at
pH 5.2, followed by several dehydration steps using increasing ethanol
concentrations (70%, two times for 10 min each time; 90%, two times for
10 min each time; 96%, two times for 10 min each time, and 99%, two
times for 15 min each time), and washed with propylene oxide for two
times for 15 min each time. Pellets were infiltrated with a 1:1 mix of
propylene oxide and Epon (TAAB 812; TAAB Laboratories, Berks, Eng-
land) overnight and then with pure Epon for 8 h. Fresh Epon was used for
embedding, which was performed by using polymerization for 48 h at
60°C. The Epon blocks were trimmed, and a 1-pm section was colored
with 1% toluidine blue to get an overall view of the pellet from which a
representative area was selected for ultrathin sectioning. Ultrathin sec-
tions (40 to 50 nm) were made using an Ultramikrotom Leica Ultracut
UCT (Leica Microsystems, Vienna, Austria) with a 45° diamond knife
from Diatome (Biel, Switzerland). Sections were placed on a 300-mesh
Formvar-carbon-coated nickel grid, contrasted for 10 min in saturated
uranyl acetate (31), rinsed with about 25 droplets of water, dried, further
contrasted with lead citrate (32) for 2 min, washed with about 10 droplets
of water, and finally dried. The cells were observed by using a Phillips CM
100 transmission electron microscope (FEI, Eindhoven, The Nether-
lands) operated at 80 kV, and images were recorded with a Megaview I1I
charge-coupled device camera (Olympus SIS, Miinster, Germany).

(ii) Effect on cell membrane integrity studied on whole cells. e-PL’s
effect on membrane integrity was evaluated by staining with the mem-
brane-impermeant DNA binding stain propidium iodide (PI). Two dif-
ferent PI dyes were used for E. coli and L. innocua. We prepared a 4X PI
work solution (kit L13152) and a 1.5 mM PI work solution (kit L7012)
according to the manufacturer’s instructions for E. coli and L. innocua
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staining, respectively. Stains were stored in the dark at —20°C until use.
Untreated cells and heat-killed cells (30 min, 85°C) were used to identify
PI-negative (live) and PI-positive (dead) cells, respectively. Heat-killed
cells and 5 X 10°> CFU/ml portions of cells treated with a final e-PL con-
centration of 0, 1/2X MIC, MIC, and 2 X MIC in TSB for 4 h at 25°C were
harvested by centrifugation (5,000 X g, 10 min), and the pellets were
resuspended in 200 wl of TSB into which 66 pl of 4X PI stain was added
for E. coli or 2 pl of 1.5 mM PI stock was added for L. innocua. Stained
samples were incubated in the dark for 15 min at room temperature and
then analyzed by flow cytometry.

Flow cytometric analysis was performed using a Gallios (Beckman
Coulter, Miami, FL) flow cytometer equipped with a 488-nm laser. Red
fluorescence from Pl-stained cells was collected in channels FL2 (575/26
nm) and FL3 (620/30 nm). Channels were calibrated with FlowCheck
Fluorospheres (Beckman Coulter) before each experiment. Controls and
samples were prepared in triplicate, and at least 30,000 events were col-
lected for each sample, with a detection rate between 100 to 500 cells/s.
Flow cytometry data were analyzed using Kaluza software (v1.2). Peaks of
bacterial populations were gated based on their scattering in the forward
and side directions to minimize noise. The gated populations were ana-
lyzed by dividing the negative and positive fluorescence signal histograms
based on the signal positions of untreated and heat-killed cells, respec-
tively. Statistically significant differences (P < 0.05) between the means of
several groups was assessed by using one-way analysis of variance in
Minitab 16.2.3 (Minitab, Inc., State College, PA).

Effect on cell membrane integrity studied on lipid vesicles. Three
lipid compositions—DOPG, DOPC, or E. coli polar lipid extract (67%
phosphatidylethanolamine, 23.2% phosphatidylglycerol [PG], 9.8% car-
diolipin)—were used to form large unilamellar vesicles (LUVs).

LUVs were composed of DOPG, DOPC, or E. coli polar lipid extract.
The organic solvent from the E. coli polar lipid was removed under N, gas,
and the resulting lipid film was placed under vacuum in a desiccator to
remove organic solvent traces. The vacuum was liberated and N, was
applied to the glass vial containing the lipid film. The DOPG and DOPC
powders were weighed off into glass vials. Lipids were hydrated in 70 mM
calcein solution prepared in MES buffer to a lipid concentration of 10
mg/ml. The calcein-lipid solutions were shaken at 25°C (40°C for E. coli
polar lipid extract) until lipid films were dissolved. Then, eight freeze-
thaw cycles were performed using liquid nitrogen and a 25°C (or 40°C
for the E. coli polar lipid extract) water bath. The suspensions were ex-
truded through polycarbonate filters (100-nm-pore-size filter, 19 mm in
diameter; Nuclepore Track-Etched membranes; Whatman, Clifton, NJ)
24 times using an Avanti mini-extruder preheated to 37°C. The vesicle
solution was run over a PD-10 desalting column (GE Healthcare, Uppsala,
Sweden) preequilibrated in MES buffer to remove untrapped calcein. The
calcein-LUV-containing fraction was collected and diluted to a final lipid
concentration of 55 WM. Calcein dye leakage was monitored by using a
Tecan GENios Pro microtiter plate reader (Tecan Group, Minnedorf,
Switzerland) and 96-well black Nunc optical-bottom microtiter plates
(catalog no. 265301; Thermo Scientific, Rochester, NY). A 200- .l aliquot
of calcein-LUV solution was added to all wells, followed by measurement
of the calcein fluorescence baseline (F,) using excitation at 448 nm and
detection at 485 nm at 37°C until the signals were constant. Then, e-PL
was added to a final concentration ranging between 0.00001 and 0.1 mg of
€-PL/ml in duplicate for DOPC and DOPG vesicles and ranging between
0.00001 and 0.05 mg of e-PL/ml in duplicate for E. coli lipid vesicles. We
included, as controls, untreated vesicles, vesicles treated with dextrin at
concentrations equal to the highest e-PL concentration, and free calcein
without vesicles exposed to e-PL. Microtiter plates were incubated 1 h at
25°C (37°C for E. coli polar lipid extract), followed by measurement of the
calcein signal (F). The maximum fluorescence signal (F,,,,,) was measured
after rupture of all vesicles by adding 5 .l of 1% Triton X-100 solution to
each well. We averaged the relative amount of released calcein calculated
as follows: % calcein release = [(F — F,)/(F,,,, — Fy)] X 100. The baseline
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was subtracted from all data points by using an average value of a linear
section of each graph from at least 10 different concentrations.

Initial interaction of €-PL with membranes using giant unilamellar
vesicles. Giant unilamellar vesicles (GUVs) were prepared by using the
electroformation method (33) in a home-built electroformation chamber
as previously described (25). A mix of DOPG and DOPC in 20:80 ratios
was dissolved in chloroform to a 10-mg/ml solution. For monolabeled
GUVs, the lipid tracer DiO was added to the lipid-chloroform solution to
a final concentration of 0.5% of the total lipid content, and a subsequent
procedure without Alexa Fluor 488 and Alexa Fluor 633 was followed. For
double-stained GUVs, a 15-pl aliquot of lipid solution was deposited on
each platinum electrode in the electroformation chamber. Gentle appli-
cation of N, gas into the chamber, followed by incubation at 95°C for 5
min, ensured the removal of organic solvent traces. The chamber was
filled with 200 mM sucrose solution containing Alexa Fluor 488-labeled
dextran and Alexa Fluor 633 hydrazide in a 1:1 mix. Platinum electrodes
were connected to a function generator (Digimess FG100; Grundig In-
struments, Niirnberg, Germany), and GUVs were formed by application
of an alternating current with a 10-Hz sinusoidal wave function and am-
plitude of 1.5 V for 90 min in the dark at room temperature. GUVs were
removed from the platinum electrodes by gently mixing the GUV suspen-
sion in the chamber. The GUV solution was run over a PD-10 desalting
column previously equilibrated in 200 mM glucose. Eluent containing
GUVs were collected in an eight-chambered borosilicate cover glass (cat-
alog no. 155411; Nunc Lab-Tek). Glucose solution was added to each
chamber, and the GUV solution was left overnight at 4°C to allow the
sedimentation of GUVs to the bottom of the cover glass.

We visualized the interaction between €-PL and GUVs by using an
LSM 700 (Zeiss, Géttingen, Germany) with a Plan-Apochromat 40%/1.3
oil immersion objective lens at room temperature. Excitations of DiO,
Alexa 488, and Alexa 633 were performed at 488, 488, and 639 nm, respec-
tively, and fluorescence emissions were collected using a SP 640 filter for
DiO and Alexa 488 and using a LP 640 filter for Alexa 633 with a dichroic
beam splitter at 629 nm. Five microliters of 5-mg/ml e-PL solution dis-
solved in MES buffer was added to the GUV solution in the opposite
corner of focus, and imaging was initiated. A time series of images of the
same field of view was taken sequentially every 4 s, with a pixel dwell of
0.79 s and an image size of 1,024 lines per frame, where each line was
averaged twice. No changes to the GUVs were observed in the first 10 to 20
min after addition of e-PL due to slow diffusion of molecules in the glu-
cose suspension.

Visualizing the interaction between £-PL and its target. (i) Interac-
tion with cells visualized by fluorescence microscopy. We assessed the
interaction between bacterial cells and €-PL using confocal laser scanning
microscopy (CLSM) and FITC-labeled €-PL. Triplicate bacterial suspen-
sions of E. coli and L. innocua were prepared in MES buffer at a density of
107 CFU/ml. Each bacterial suspension was mixed with a 5,000-mg/liter
stock solution of FITC-labeled €-PL to a final concentration equal to 2X
MIC against the respective model organism. Samples were kept in the dark
for an hour at 25°C and then visualized by using a Zeiss LSM 700 with
Plan-Apochromat 40X/1.3 and 100X/1.45 oil immersion objective lenses
and a 488-nm laser. Images of random areas were recorded, and at least
100 cells per replica were imaged.

(ii) Interaction with supported lipid bilayers visualized by AFM.
Small unilamellar vesicles (SUVs) were prepared with E. coli polar lipid
extract and used to form supported lipid bilayers. A vesicle solution was
prepared as for calcein-encapsulated vesicles and subjected to freeze-thaw
cycles. To obtain SUVs, the vesicle solution was sonicated (3-mm probe,
70 W, 50% of maximal power; Sonopuls ultrasonic homogenizers; Ban-
delin Electronic, Berlin, Germany) until clear while immersed in an ice
bath. Supported lipid bilayers were formed on freshly cleaved mica
squares (10 mm?) glued to 18-mm circular coverslips by mixing SUV
solution and CaCl, in MES buffer to final concentrations of 0.3 mg of
lipid/ml and 20 mM, respectively. Membranes were formed on the mica
substrate during a 20-min incubation at 37°C in a temperature-controlled
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JPK Biocell (JPK Instruments, Berlin, Germany). Excess SUVs were re-
moved in a washing procedure using MES buffer without CaCl,, and the
supported lipid bilayer was kept in MES buffer at 37°C for the reminder of
the experiment. AFM imaging was performed in contact mode using
CSC38/noAl cantilevers (Mikromash, Tallin, Estonia; k = 0.03 to 0.09
N/m). Images of supported lipid bilayers were acquired before and after a
60-min incubation with €-PL. The supported lipid bilayer was washed five
times in MES buffer before images of at least three random areas were
acquired on each of triplicate samples. All images were of 5-by-5-pum areas
and recorded at 512 pixels per line and a scan rate of 0.5 Hz.

RESULTS AND DISCUSSION

€-PL affects the cell morphology and membrane integrity of E.
coli more severely than it affects L. innocua. We assessed the
antimicrobial activity of €-PL by monitoring its inhibitory effect
on growth and cell viability of E. coli and L. innocua. The MIC was
74 mg/liter for E. coli and 750 mg/liter for L. innocua. The MIC for
E. coli was similar to previous reports (3, 8, 10), while we found
somewhat higher MICs for L. innocua compared to previous stud-
ies that used the taxonomically similar L. monocytogenes (4, 34).

Incubation with €-PL at the MIC showed a biocidal activity
leading to 2 to 3 log decrease in CFU (Fig. 1). Increasing the e-PL
concentration to 2X MIC resulted in a faster biocidal effect, and
no CFU could be detected after 8 h of incubation, demonstrating
a >5.5-log reduction. It therefore appears that growth inhibition
is directly related to loss of viability. Interestingly, the biocidal
effect at 1/2X MIC was only temporary, and growth resumed after
approximately 15 h of incubation (Fig. 1). Hence, the €-PL was
either degraded or deactivated (e.g., by adsorption), allowing the
surviving cells to grow.

We hypothesized that the primary target of €-PL is the cell
membrane and therefore quantified the dose-dependent effect on
membrane integrity by using PI staining combined with flow cy-
tometry. Increasing concentrations of €-PL caused permeabiliza-
tion of both E. coli and L. innocua cells in a dose-dependent man-
ner (Fig. 2). At the MIC, the number of E. coli cells with a
compromised membrane was not significantly different from the
control sample with heat-killed cells. The effect on membrane
permeability in L. innocua was, however, less pronounced. Even at
2X MIC, the number of cells with a compromised membrane was
lower than the control sample with heat-killed cells, demonstrat-
ing that ca. 30% of L. innocua cells retained an intact membrane
despite exposure to €-PL at concentrations that lead to a 4-log
reduction in the number of viable cells (Fig. 1). Although the
membrane may be the primary target, this result indicates that
€-PL interacts with other targets that lead to cell death in L. in-
nocua, even when cell membrane integrity is maintained.

We examined morphological effects of e-PL on E. coli and L.
innocua by AFM and TEM imaging. e-PL exposure resulted in
severe morphological changes of E. coli cells, indicating partial
removal of the outer membrane, indentations in the cell wall, and
patchy changes to the cell stiffness, as shown in AFM amplitude
and phase images (Fig. 3). TEM images of cross sections con-
firmed these observations. Exposure to 2X MIC led to complete
disintegration of the cells, whereas lower concentrations resulted
in removal of the LPS layer, which protruded as vesicles from cell
surface (Fig. 4). Such protrusions of membrane or LPS binding to
€-PL bound were also observed by optical microscopy of E. coli
incubated with fluorescently labeled e-PL (Fig. 5A). The optical
images also indicated that e-PL entered E. coli and L. innocua cells,
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FIG 1 Number of viable E. coli (A) and L. innocua (B) cells during treatment with e-PL at 0 (black circles), 1/2X MIC (gray triangles), MIC (dark gray squares),
and 2X MIC (white diamonds) in TSB (pH 6.0) at 25°C. A dashed line indicates the detection limit: 50 CFU/ml. Error bars indicate the standard deviations (SD)

(n=3).

thereby supporting that e-PL have intracellular targets (Fig. 5), as
previously proposed (35).

Despite the documented effect on cell membrane integrity, we
did not observe severe morphological changes for €-PL-treated L.
innocua cells, presumably because the peptidoglycan maintained
the cell structure (Fig. 3, 4, and 5). Only TEM images indicated
changes to the cell membrane, which appeared to partly disasso-
ciate from the cell wall (Fig. 4H, white arrow).

Antimicrobial activity of e-PL relies on electrostatic interac-
tions. We hypothesized that e-PL’s interaction with the cell sur-
face is based on electrostatic forces and would be affected by the
presence of other positively charged molecules that compete for
negatively charged sites on the cell surface. We tested this hypoth-
esis by measuring the MIC in the presence of various Mg and
Ca*" concentrations. Indeed, the presence of divalent cations re-
duced the antimicrobial effect of e-PL in a dose-dependent man-
ner, and the effect of €-PL could be completely reversed by cations

L. innocua
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FIG 2 Membrane damage of heat-treated at 85°C or live cells of E. coli (left)
and L. innocua (right) treated with or without e-PL for 4 h in TSB (pH 6.0) at
25°C. The cells were harvested and resuspended in TSB before PI staining,
except for the control without stain. The cells with compromised membranes
were stained with PI. Error bars indicate the SD (n = 3).
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in the media (Fig. 6). Because LPS in the outer membrane are
polyanionic, they need cations to sustain the lateral interaction of
lipids, and the fluidity and melting of the membrane is affected
when the cationic homeostasis is disturbed (18, 36). The effect of
€-PL on Gram-negative bacteria could therefore be due to the
direct effect from interacting with e-PL, but it is also possible that
there is an indirect effect through depletion of Mg and Ca*"
from the LPS due to €-PL occupying their interaction sites.

e-PLinteracts with phosphate groups in the inner core of the
LPS. Interaction of e-PL by electrostatic forces implies that inter-
actions with negatively charged groups in the cell wall, membrane,
or LPS are critical for the antimicrobial action of €-PL. Indeed,
€-PL has previously been proposed to remove LPS (3), which acts
as the initial barrier for polycationic peptides in their attempt to
reach their main site of action, namely, the cell membrane (16,
37). However, the molecular interaction between e-PL and differ-
ent parts of LPS has not been investigated before. We hypothe-
sized that e-PL competes with divalent cations for binding to the
phosphate groups in the LPS inner core and causes removal of the
outer membrane of Gram-negative bacteria. We tested this hy-
pothesis by measuring e-PL adsorption and determining the MIC
for a range E. coli strains with mutations that change the compo-
sition of the cell exterior.

The hypersensitive deep-rough LPS mutants normally have
decreased MICs compared to the wild type when treated with, e.g.,
hydrophobic antibiotics, anionic detergents, or other cationic
peptides (18, 36, 38—40), but for €-PL the MIC was higher in all of
the deep-rough LPS mutants, which have no phosphoryl groups
in the LPS inner core, making the exterior more hydrophobic. We
propose that e-PL’s interaction with phosphate groups on heptose
(Hep) Iand II in the inner core of the LPS is particularly impor-
tant. The sequence of enzymatic events that accumulate phos-
phate groups on the LPS is as follows: WaaG catalyzes glucosyla-
tion of Hep II, which increases the substrate specificity of the
enzymes WaaP and WaaY (39). WaaP adds a phosphoryl substit-
uent to Hep I, which is required for WaaQ to bind Hep III to Hep
II. This event is followed by the addition of a phosphate group to
Hep II, catalyzed by WaaY (38, 39). Deletions in the genes waaC,
waaF, waaG, waaP, waaY, waaP, and waaQ lead to removal or
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FIG 3 AFM amplitude images of E. coli (A to D) and L. innocua (E to H) cells recorded in air after treatment with €-PL at 0 (A and E), 1/2X MIC (B and F), MIC
(Cand G), or 2X MIC (D and H) in MES buffer (pH 6.0) for 4 h at 25°C. Insets show phase images of same area as the corresponding amplitude images, where
bright and dark areas indicate soft/sticky or stiff surfaces, respectively. Black arrows indicate visible areas of structural changes in the form of indentations in the
cell wall, while white arrows point to areas indicative of the removed LPS layer. The images of E. coli and L. innocua show areas of 4 by 4 pm and 3 by 3 pwm,

respectively.

dephosphorylation of Hep I and/or II, and MIC was higher for
these strains compared to the parent strain (Table 1). The strains
with mutations to both Hep I and Hep II (AwaaC and AwaaP
mutants) furthermore exhibited a substantial decrease in e-PL
adsorption, as indicated by an only moderate change in zeta po-
tential when €-PL was added to cells suspended in MES buffer
(Table 1). The smaller increase in zeta potential during €-PL ex-
posure of the AwaaC and AwaaP mutants compared to the other
deletion mutants could either indicate a weaker binding of the
positively charged €-PL or less removal of the negatively charged
LPS layer in these mutants.

In addition to the effects from changes to the LPS structure, we
also found an increased tolerance to €-PL in the ArscC mutant,

Untreated 72xMIC

oV

FIG 4 Representative TEM images of E. coli (A to D) and L. innocua (E to H) cells treated with e-PL at 0 (A and E), 1/2X MIC (B and F), MIC (C and G), or 2X
MIC (D and H) in MES buffer (pH = 6.0) at 25 C° for 4 h. White arrow indicates intracellular membrane damages caused by €-PL treatment. Magnifications:
X 64,000 (A and B), X46,000 (C and D), X25,000 (E), and X92,000 (F, G, and H).
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which overexpresses the capsular exopolysaccharide colanic acid
(Table 1). Colanic acid helps to regulate the three-dimensional
structure of E. coli biofilms (41) and functions as a protective
barrier (42). We therefore propose that the colanic acid chelates
€-PL and thereby increases the tolerance of the rscC mutant by
preventing or delaying its access to the inner and outer mem-
branes.

Interaction of €-PL with phospholipid bilayers results in the
formation of vesicles and micelles. In addition to the obvious
effect on the outer membrane of Gram-negative bacteria, we ex-
pected the site of action for €-PL to be the plasma membrane
because cationic antimicrobial peptides generally act as mem-
brane permeabilizers, membrane thinners, or micellization agents

Applied and Environmental Microbiology


http://aem.asm.org

Antimicrobial Mechanism of Action of &-PL

FIG 5 Representative CLSM images of E. coli (A) and L. innocua (B) cells treated an hour with FITC-labeled e-PL at 2X MIC in MES buffer (pH 6.0) at 25°C.

White arrows indicate the protruding LPS layer caused by €-PL treatment.

in a detergent-like way through different mechanisms (3, 19, 23).
To obtain a more detailed understanding of the interaction of
€-PL with the plasma membrane, we studied the effect of €-PL on
model membranes prepared as large or giant unilamellar vesicles
(LUV and GUV) in suspension, or as supported lipid bilayers on a
mica surface. These model systems allowed investigation of how
the composition of the lipid head group affected the interaction of
€-PL with the membrane. We compared the effect of €-PL on
vesicles formed by E. coli polar lipid extract (mimicking the natu-
ral interaction between €-PL and the cytoplasmic membrane) and
vesicles prepared from the negatively charged DOPG, the zwitte-
rionic DOPC, or a mixture of the two. We used DOPC and DOPG
due to their low melting points, charges, and simplicity. Integrity
of the vesicles upon exposure to €-PL was evaluated based on the
release of calcein from LUVs and by visualization of fluorescently
labeled GUVs by CLSM.

The negatively charged DOPG vesicles became permeabilized
at lower €-PL concentrations than vesicles prepared from E. coli
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FIG 6 Growth inhibition profile of E. coli cells exposed to either no e-PL
(white circles) or €-PL at MIC, together with increasing concentrations of
Mg®" and Ca’*, both in final concentrations of 0 mM (black triangles), 2.5
mM (white squares), 5 mM (black inverted triangles), 10 mM (black dots), or
20 mM (black circles) in TSB (pH = 6.0) at 25°C. Error bars indicate the SD
(n = 3). The growth profiles for E. coli with different divalent cation concen-
trations but no €-PL are not shown since they matched those of the untreated
cells.
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lipids or the neutrally charged DOPC, as shown by release of cal-
cein from the vesicles (Fig. 7). Interestingly, calcein release leveled
off at 20% release when DOPG vesicles were exposed to increasing
concentrations of €-PL (Fig. 7). We interpret this observation to
mean that e-PL binding was not accompanied by large changes in
membrane organization (despite the higher affinity of e-PL for
DOPG than for DOPC) and thereby only released a fraction of the
encapsulated calcein. Furthermore, we observed that €-PL inter-
acted with free-calcein at concentrations above 0.002 mg/ml €-PL
(data not shown), resulting in a markedly decreased fluorescence
signal from calcein above a 0.004-mg/ml €-PL concentration. We
conclude that e-PL interacted with negatively charged phospho-
lipids and, to a lesser extent, with zwitterionic phospholipids.

To confirm the indication that e-PL permeabilized membranes
and to visualize the peptide-lipid interaction in solution, we used
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FIG 7 Membrane permeabilization by €-PL monitored as determined by
measuring the leakage of calcein dye from vesicles made of DOPG (black
circles), DOPC (gray triangles), or E. coli polar lipid extract (white squares) in
MES buffer as a function of the peptide/lipid concentration ([P]/[L], upper
axis) or of the peptide concentration (lower axis). The calcein intensity signal
from the released dye was monitored before and after e-PL treatment for an
hour at 25°C (37°C for E. coli lipid) and normalized to the signal obtained at
full permeabilization for the individual [P]/[L] ratios. A lipid concentration of
~11 nmol was used for all [P]/[L] ratios.
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FIG 8 CLSM time series of e-PL’s initial interaction at room temperature with GUVs composed of DOPG:DOPC (20:80) and stained with the membrane-bound
dye Alexa 488 dextran (green) and intravesicular with the water-soluble Alexa Fluor 633 hydrazide (red). Untreated GUVs (A) remained intact and within the
same field of view until the onset of the e-PL “wave front” from the lower right corner (B). Progression of €-PL to the upper left corner (B to F) results in three
distinct interactions between €-PL and GUVs: a nonlytic decrease in fluorescence intensity (white arrows), vesiculation of GUVs (yellow arrows), and inversion

of dye position (red arrows, and inset in panel F). Bars, 20 pm.

GUVs with a 20:80 ratio of DOPC to DOPG stained with either
DiO or fluorescently labeled dextran or hydrazide. DiO (blue in
Video S1 in the supplemental material) is a lipophilic tracer that
incorporates into the hydrophobic region of membranes and be-
comes highly fluorescent. Dextrans are anionic hydrophilic poly-
saccharides that will associate with the membrane of GUVs,
whereas hydrazide is a dissolved membrane-impermeant com-
pound situated in the center of GUVs. Introducing €-PL to hydra-
zide-filled (red) GUVs stained with Alexa Fluor 488-labeled dex-
trans (green) leads to bursting or permeabilization of GUVs,
releasing the red fluorescence from the vesicles’ interior within
minutes of exposure (Fig. 8). The treatment did not rupture all
GUVs, and the remaining GUVs had large and strongly fluores-
cent “membrane-buddings” protruding from the surface (see
Video S1). Time-lapse imaging revealed further details. First, a
nonlytic reaction happened for a small subset of GUVs where the
fluorescence intensity from the membrane-bound dye decreased
with a concomitant release of hydrazide from the vesicle (Fig. 8C
to F, white arrows; see also Video S2 in the supplemental mate-
rial). Second, some GUVs transformed into smaller vesicles and
formed aggregates (Fig. 8C to E, yellow arrows). Lastly, some
GUVs inversed the dyes, so that the dye within GUVs was posi-
tioned on the exterior of GUVs, which could happen if e-PL ad-
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sorbed to the GUV surface and also interacted with the dye (Fig.
8F, red arrows).

The effect of €-PL at subpermeabilization concentrations on
supported lipid bilayers could be visualized using AFM and hence
help to elucidate how €-PL act on membranes at the initial stage of
treatment. To achieve nanometric resolution imaging of e-PL in-
teracting with a membrane under physiological conditions, we
imaged supported lipid bilayers of E. coli lipid by AFM in MES
buffer before and after exposure to €-PL. Untreated bilayers ap-
peared as a continuous and homogenous bilayer of liquid-disor-
dered (L) lipid phase. The height of the bilayer was approxi-
mately 3 to 3.5 nm (data not shown) and contained a few round
structures protruding ~0.6 nm from the bilayer (Fig. 9A and D).
Imaging of the bilayers after exposure to €-PL at 0.0005 mg/ml
(i.e., 148 times less than the MIC) for 1 h revealed numerous
round structures protruding 1 to 2 nm from the L, lipid phase and
indentations of ~200-nm width and 0.5-nm depth (Fig. 9B and
E). Exposure to €-PL at 0.003 mg/ml (i.e., 25 times less than the
MIC) led to extensive damage to the bilayer, seen as round or
worm-like holes in the layer (Fig. 9C and F). Similar worm-like
structures protruding from the surface of the bilayer were also
observed. We propose that these structures are €-PL interacting
with the bilayer, which strips off phospholipids to cause the ap-
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FIG9 Contact-mode AFM height images of e-PL’s effect on supported lipid bilayers from E. coli recorded in MES buffer (pH 6.0) at 37°C. Representative images
of untreated E. coli lipid (A) and €-PL-treated supported lipid bilayers for 1 h at a final concentration corresponding to weak (B) and strong (C) effects on calcein
leakage (see Fig. 6) are shown. The supported lipid bilayers were rinsed with MES buffer before imaging. Underneath each height image is a cross-sectional profile
taken at the white line in the corresponding height image. The liquid disordered lipid phase and holes are exemplified by asterisks and arrows, respectively. Images
are 5-by-5-pm sections, and the bright and dark areas correspond to higher and lower structures than the supported lipid bilayer mean height.

pearance of holes. The holes did not have the same depth as the
height of the bilayer. Some were 1 to 1.5 nm, and others were 3 nm
deep, indicating removal from either one or both bilayer leaflets
(Fig. 9C and F). Visualization of e-PL’s interaction with the sup-
ported lipid bilayer thus supported our hypothesis that e-PL in-
teracts with the negatively charged head groups of phospholipids,
which in turn results in the removal of phospholipids from either
one or both layers of the membrane.

€-PL has a carpet-like mechanism that causes disruption by
imposing negative curvature. The e-PL peptide is composed of
hydrophilic residues, and cannot interact directly with the hydro-
phobic parts of membranes (43). e-PL’s mechanism of action is
therefore most likely a nonspecific carpet-like mechanism. Our
results support this mechanism, since €-PL did not permeabilize
the zwitterionic DOPC LUVs but only the negatively charged
DOPG and E. coli LUVs (Fig. 7). Furthermore, €-PL lead to deter-
gent-like removal of LPS from whole cells (Fig. 4), the removal of
phospholipids from supported lipid bilayers (Fig. 9C), and the
bursting and concomitant formation of vesicles or micelles from
GUVs (Fig. 8 and see Videos S1 and S2 in the supplemental ma-
terial).

The ability of peptides to generate negative curvature in mem-
branes is highly dependent on their content of lysine and arginine
(44). We propose that -PL is positioned at the membrane surface,
where it imposes a negative membrane curvature, as indicated by
AFM (Fig. 9C) and fluorescence imaging (Fig. 5). This leads to
peptide-induced micellization and/or vesiculation that disrupts
membrane integrity and causes thinning of membranes in local-
ized areas, which we observed by optical microscopy (Fig. 8), TEM
(Fig.4),and AFM (Fig. 9). Antimicrobial peptides with high lysine
contents generate negative curvature in membranes by a specific
peptide-lipid interaction, wherein the cationic amine group in-
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duces negative curvature wrapping of anionic membranes to form
inverted hexagonal phases (44). The difference in peptide back-
bone structure by €-PL from the general a-peptide could induce a
different lipid phase than the proposed inverted hexagonal phases,
but this is not known. We observed two distinct structural features
of the supported lipid bilayer after exposure to a low concentra-
tion of €-PL (Fig. 9B): (i) the protruding membrane structures,
which could be lipid undergoing negative curvature wrapping by
€-PL, and (ii) indentations in the supported lipid bilayer, which
could be regions undergoing membrane thinning due to the pro-
trusion of lipid elsewhere. At higher €-PL concentrations, the pro-
truding lipid regions are removed as vesicles or micelles, as indi-
cated by the removal of one or both leaflets of the supported lipid
bilayer (Fig. 9C) and by the protrusion of vesicles from treated
cells (Fig. 4).

In conclusion, we propose that €-PL interacts with E. coli mem-
branes through a carpet-like mechanism that forms vesicles or
micelles by imposing negative curvature through its interaction
with the phospholipid headgroups of the bacterial membrane
(Fig. 10). Because e-PL interacts more readily with negatively
charged headgroups, it has a relatively low toxicity against mam-
malian cells (8) and yeast cells (3, 45), and differences in suscep-
tibility among microorganisms could be caused by differences in
membrane composition. For example, the membrane of L. in-
nocua contains lysine-derivatized phosphatidylglycerol and lysyl-
cardiolipin (19, 46, 47). The lysylcardiolipin is zwitterionic (46)
and therefore has no net negative charge, while lysine-derivatized
PG further reduces the negative charge of membrane diminishing
its affinity for cationic peptides (19). These components the in
cytoplasmic membrane of L. innocua could contribute to the
higher MIC and lower degree of membrane permeabilization of L.
innocua compared to E. coli cells. Differences in susceptibility can
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Inner core Outer core

Lipid A

FIG 10 Schematic illustration of €-PL’s proposed mechanism of action on E. coli cells. (A) Untreated cell wall with intact outer membrane (OM), peptidoglycan
layer (PG), and inner membrane (IM). The exterior leaflet of the outer membrane is made of lipopolysaccharides (LPS; the enlarged drawing to the left shows the
LPS structure of E. coli BW25113), which consist of a phosphorylated D-glucosamine disaccharide (purple circle) with attached fatty acids, a polysaccharide with
an inner and outer core, and an O-antigen (not shown here). The inner core is composed of ketodeoxyoctonate (Kdo; white squares) and L-glycero-D-manno-
heptose (Hep; white circles) linked to phosphate groups (orange circles) and 2-aminoethyl phosphate (green circle). The outer core is build of D-glucose (Glc;
gray circles) and D-galactose (gray squares). (B) Electrostatic forces guide the interaction between e-PL (red molecule) and the LPS (purple headgroup), which
ultimately removes the LPS layer in a detergent-like manner. e-PL favors the electrostatic interaction with phosphate groups on Hep I and I of LPS, but they are
not required for LPS removal. (C) €-PL gains access to the periplasmatic space, and it is unknown whether €-PL could interact with the peptidoglycan layer
(N-acetylmuramic acid; gray hexagons, N-acetylglucosamine; white hexagons) or traverse through the peptidoglycan layer and interact electrostatically with the
inner membrane, thereby initiating the nonspecific carpet-like mechanism. (D) When e-PL reaches a threshold concentration on the inner membrane, it enforces
the negative curvature of one (dashed line at lower leaflet) or both (solid line at lower leaflet) leaflets of the membrane. (E) When one membrane leaflet is removed
by €-PL, it causes thinning of the inner membrane, and the removed phospholipids (yellow headgroup) could form either inverse hexagonal or normal micelles,
as illustrated. (F) If both leaflets of the inner membrane are removed by €-PL, the removed phospholipids form vesicles and leave behind a hole in the inner

membrane through which excess €-PL can gain access to the cytoplasm and cause further damage to the cell.

also be caused by differences in the ability of €-PL to access the
membrane. The ability of e-PL to remove the LPSs of Gram-neg-
ative bacteria enhances their access to the cytoplasmic membrane,
since LPS normally provides a continuum of negative charge that
protects the cell against different cationic antimicrobial peptides
(48, 49).

Due to the electrostatic nature of the interaction, as well as
differences in the ability of €-PL to access the membrane, the effect
of e-PL can be competitively inhibited by cations in the surround-
ingliquid. From our results, it can furthermore be speculated that
an increase in pH would decrease the positive charge of €-PL and
thus reduce the electrostatic interaction with cells with a concom-
itant reduction in antimicrobial activity. €-PL is an interesting
peptide with antimicrobial properties toward a broad spectrum of
microorganisms caused by its very general mechanism of action,
while it has low cytotoxic activity toward eukaryotic cells due to
the intrinsic differences in the composition of the phospholipid
head groups of eukaryotic and prokaryotic cell membranes.
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